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Cyclin D-Cdk4 and Cyclin E-Cdk2 Regulate
the JAK/STAT Signal Transduction Pathway
in Drosophila
an in vivo ligand activating the HOP/STAT92E pathway
(Harrison et al., 1998). Mutations in all three genes were
first identified by virtue of their distinctive embryonic
phenotypes. When the function of any one of the three
genes is removed from the embryo, there is a partial
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National Cancer Institute at Frederick loss of expression of several pair-rule genes and, conse-
quently, some abdominal segments are lost or fusedFrederick, Maryland 21702
together. The current model of the HOP/STAT92E signal
transduction pathway in the embryo is the following: the
extracellular UPD protein activates the HOP/STAT92ESummary
pathway through a recently identified cell surface recep-
tor (Brown et al., 2001; Chen et al., 2002a). STAT92EThe JAK/STAT signal transduction pathway regulates
many developmental processes in Drosophila. How- becomes tyrosine phosphorylated, dimerizes through
its SH2 domain, and translocates to the nucleus whereever, the functional mechanism of this pathway is
poorly understood. In this report, we identify the Dro- it activates the gene transcription (Hou and Perrimon,
1997; Dearolf, 1999; Zeidler et al., 2000; Chen et al.,sophila cyclin-dependent kinase 4 (Cdk4), which ex-
hibits embryonic mutant phenotypes identical to those 2002a; Hou et al., 2002).
In addition to its role in embryonic segmentation, thein the Hopscotch/JAK kinase and stat92E/STAT muta-
tions. Specific genetic interactions between Cdk4 and HOP/STAT92E pathway is also involved in other devel-
opmental events. The other reported functions of thehop mutations suggest that Cdk4 functions down-
stream of the HOP tyrosine kinase. We further show HOP/STAT92E pathway include sex determination, po-
larity determination in the eye, eye formation, imaginalthat Cyclin D-Cdk4 (as well as Cyclin E-Cdk2) binds
and regulates STAT92E protein stability. STAT92E reg- tissue formation, tracheal formation, posterior spiracle
formation, male germline stem cell self-renewal, borderulates gene expression for various biological pro-
cesses, including the endocycle S phase. These data cell migration, and polar cell fate determination in the
female germline (Hou and Perrimon, 1997; Dearolf, 1999;suggest that Cyclin D-Cdk4 and Cyclin E-Cdk2 play
more versatile roles in Drosophila development. Jinks et al., 2000; Sefton et al., 2000; Zeidler and Perri-
mon, 2000; Zeidler et al., 2000; Brown et al., 2001; Kiger
et al., 2001; Silver and Montell, 2001; Tulina and Matunis,Introduction
2001; Chen et al., 2002a; McGregor et al., 2002; Hou et
al., 2002).The Janus kinase cascade is a ubiquitous intracellular
signaling pathway required for response to many extra- Two dominant temperature-sensitive mutations that
hyperactivate HOP, hopTum-l and hopT42, have been identi-cellular ligands (Decker, 1999; Levy, 1999; Mui, 1999;
Yeh and Pellegrini, 1999; Imada and Leonard, 2000; Levy fied (Harrison et al., 1995; Luo et al., 1995, 1997). Both
are the result of an amino acid substitution. These mu-and Darnell, 2002). The pathway includes receptor-asso-
ciated tyrosine kinases (JAKs) and their substrate tran- tants have an overproliferation of immature and undiffer-
entiated hemocytes with the blood cell-forming organscription factors, signal transducers and activators of
transcription (STATs). The JAK/STAT cascade has and in circulation. At the restrictive temperature, there
is a large increase in lamellocyte production, whichemerged as an essential reutilized facet of vertebrate
signaling through a large number of cytokines and leads to blood cell aggregation into masses that become
melanized (Dearolf, 1998; Luo et al., 2002). When trans-growth factors. These signals induce proliferation or cell
fate determination and are crucial to the proper growth planted into a wild-type host, hopTum-l hypertrophied lar-
val lymph glands retain the ability to cause overprolifera-and development of mammalian tissues. Both de-
creases and increases in activity of this signaling path- tion of prohemocytes and melanotic tumors.
way have severe consequences. Constitutive activation The numerous functions of the HOP/STAT92E path-
of JAKs and/or STATs is correlated with several onco- way may result from its role in regulating cell fate deter-
genic transformations (Lacronique et al., 1997; Brom- mination and proliferation. Although the mechanism of
berg et al., 1999; Mui, 1999). cell fate determination and proliferation remains to be
A Drosophila JAK/STAT signal transduction pathway established, recent work has directly linked cell transfor-
has been identified (Hou and Perrimon, 1997; Dearolf, mation to cell cycle regulators, particularly cyclin-depen-
1999; Zeidler et al., 2000; Hou et al., 2002). The Drosoph- dent kinases and their associated cyclins (Sherr, 1996;
ila JAK is encoded by the hopscotch (hop) gene (Binari Sherr and Roberts, 1999).
and Perrimon, 1994) and the Drosophila STAT is en- In this study, we show that the Drosophila homolog
coded by the stat92E gene (Hou et al., 1996; Yan et al., of the mammalian cyclin-dependent kinase 4/6 (Cdk4)
1996). A secreted glycoprotein unpaired (upd) identifies is a component of the HOP/STAT92E signal transduction
pathway. To our knowledge, these data provide the first
in vivo connection between the HOP/STAT92E pathway*Correspondence: shou@mail.ncifcrf.gov
1These authors contributed equally to this work. and cell cycle regulators.
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Figure 1. Abdominal Defects Associated with Cdk4, stat92E, and hop Embryos
In (A) is shown a dark field micrograph of a wild-type embryo showing eight abdominal dentical belts. Paternally rescued hopC111 (B) and
stat92E6346 (C) GLC embryos are missing abdominal segment 5 and part of segment 4. hop (D) and stat92E (E) null embryos have additional
defects. (F) shows a paternally rescued Cdk44 GLC embryo. (G) shows a paternally rescued Cdk43 GLC embryo.
(H and I) show Cdk43 null GLC embryos that have additional defects. A fraction (30%) of Cdk43 GLC embryos displays other defects, such
as poor cuticle development (J) and dorsal open (data not shown).
(K and L) Cdk43 HS-Cdk4 GLC/Cdk43 shows that the Cdk4 embryonic phenotype can be fully rescued by the heat-shocked Cdk4 transgene.
Expression of the dominant-negative form of Cdk4 (Cdk4D175N) generates the similar mutant phenotype to Cdk4 (L). A3 and A6 indicate the
respective position of the abdominal 3 and 6 segments.
Results and stat92E embryos, the paternally rescued Cdk43 em-
bryos show a consistent deletion of the fifth abdominal
segment and the posterior mid-ventral portion of theThe Maternal Effect Phenotypes of Cdk4, hop,
and stat92E Are Similar fourth abdominal segment (Figure 1G). Cdk43 null em-
bryos have other defects, including reduction of theIn a large screen for autosomal P element-induced zy-
gotic lethal mutations associated with specific maternal second thoracic and eighth abdominal denticle bands,
fusion of the sixth and seventh bands, and head defectseffect lethal phenotypes, we identified a mutation,
l(2)sh0671, located at 53C (Oh et al., 2003; see Experi- (Figures 1H and 1I). The other 30% of embryos display
other defects, such as poor cuticle development (Figuremental Procedures), which showed a maternal effect
segmentation phenotype (Figure 1F) that is similar to 1J) and dorsal open (data not shown), that differ from
alterations in components of the HOP/STAT92E path-the effect of loss of hop and stat92E gene activity during
oogenesis (Figures 1B and 1C; Perrimon and Mahowald, way, suggesting that Cdk4 also functions in develop-
mental processes other than the HOP/STAT92E path-1986; Hou et al., 1996; Yan et al., 1996). The P element,
l(2)sh0671, was inserted into the second intron of the way. The maternal effect phenotype for Cdk4 mutants
is partially paternally rescuable. Expression of a Cdk4Cdk4 gene before the ATG translation initiation code
(Sauer et al., 1996; see Experimental Procedures). To cDNA encoding the full-length Cdk4 protein under the
control of a heat-shock promoter in transgenic flies fullybe consistent with published nomenclature, we named
the l(2)sh0671 as Cdk44 . rescued the segmentation defects of Cdk43 GLC em-
bryos at 25C (Figure 1K). Cdk4D175N is a dominant-nega-During the process of this study, a null allele of Cdk4
(Cdk43 ) was reported (Meyer et al., 2000). Cdk43 is an tive form of Cdk4; the D175N mutation affects an aspar-
tate residue that is required for the phosphotransferintragenic deletion of the Cdk4 gene, which eliminated
the essential kinase domains. We examined Cdk43 reaction (Meyer et al., 2000). Expression of the domi-
nant-negative form of the cDNA under a maternal genegermline clone (GLC) phenotypes and found that 70%
of Cdk43 GLC embryos have strong “hop-like” segmen- promoter generated the “hop-like” segmentation de-
fects (Figure 1L). These data suggest that the observedtation defects (Figures 1G–1I). As is the case with hop
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Figure 2. Cdk4, Like hop, Regulates Pair-Rule Gene Expression and Tracheal Formation
lacZ expression driven by the reporter gene construct eve 5.2/lacZ is shown in a wild-type (A), hopC111 GLC (B), and Cdk43 GLC (C) embryo.
In hop and Cdk4 embryos, lacZ expression corresponding to eve stripe 3 is almost completely missing (arrows). Embryos are oriented with
anterior to the left and dorsal at the top.
(D) shows the tracheal structure in a wild-type embryo revealed by mAb2A12 staining. In paternally rescued hopC111 GLC (E) and Cdk43 GLC
(F) embryos, a defective tracheal system was formed.
segmentation defects are caused by disruption of the 2F), which generally had several disruptions in the main
trunk and several branches. These data suggest thatCdk4 gene.
Cdk4 as the HOP/STAT92E signal transduction pathway
regulates tracheal formation.Cdk4, Like hop, Regulates Pair-Rule Gene
Expression and Tracheal Formation
The similarity of the Cdk4 mutant phenotype to that of Dosage Interactions between Cdk4 and hop
To determine whether hop and Cdk4 genetically interact,hop and stat92E suggests that they are involved in the
same developmental process. A prediction of this hy- we tested whether a reduction in the amount of maternal
Cdk4 gene activity could enhance the maternal effectpothesis is that mutations in Cdk4 would affect the ex-
pression of segmentation genes in the same manner as associated with a partial loss of function in the hop
mutation. Embryos that are derived from mothers thathop and stat92E. Previous works have shown that the
removal of either hop or stat92E activity results in the carry GLCs of the hopmsv1 hypomorphic allele show weak
segmentation defects (Perrimon and Mahowald, 1986;stripe-specific loss of expression of several pair-rule
genes (Binari and Perrimon, 1994; Hou et al., 1996; Yan Figure 3A), and many of them hatched. However, when
these embryos are derived from females that also carry aet al., 1996). For example, the removal of either hop or
stat92E results in a decrease in the third and fifth stripes single copy of Cdk43 , they exhibit segmentation defects
that are similar to embryos derived from females thatof eve gene expression (Binari and Perrimon, 1994; Hou
et al., 1996; Yan et al., 1996). The enhancer elements lack all maternal hop activity (compare Figures 3B and
3C with Figure 3A; Perrimon and Mahowald, 1986), andresponsible for control of the third stripe of eve expres-
sion have been mapped to a 500 bp element upstream none of them hatched. This result suggests that hop
and Cdk4 act in concert to regulate embryonic segmen-of the eve transcriptional start site (Small et al., 1996).
A reporter gene construct containing a 5.2 kb eve pro- tation.
moter element driving lacZ shows expression of lacZ in
eve stripes 2, 3, and 7 (Goto et al., 1989; Figure 2A). Cdk4 Is Epistatic to hop
We analyzed whether Cdk4 operates upstream or down-Removal of maternal activity of either hop or stat92E
results in the loss of the third stripe from the reporter stream of HOP by testing whether the effect of a hyper-
active hop allele could be negated by a reduction in theconstruct (Figure 2B; Binari and Perrimon, 1994; Hou et
al., 1996; Yan et al., 1996). Similarly, removal of maternal amount of Cdk4 gene activity. If Cdk4 is required for
transducing the HOP signal, then reduction of Cdk4activity of Cdk4 also causes the specific loss of the third
stripe, without affecting the second or seventh stripes should suppress a hop gain-of-function phenotype. We
utilized the dominant temperature-sensitive hop allele,(Figure 2C).
Recent results suggest that the HOP/STAT92E path- hopTum-l, for this experiment. When grown above 29C,
flies heterozygous for hopTum-l have reduced viability andway regulates tracheal formation through regulating tra-
chealess (trh) gene expression in the embryo (Brown et the emerging adults develop melanotic tumors (Corwin
and Hanratty, 1976; Table 1).al., 2001; Chen et al., 2002a). We reasoned that Cdk4
might also regulate tracheal formation. We examined The viability and formation of melanotic tumors at
29C were compared in females heterozygous for hopTum-ltracheal formation in wild-type, hop, and Cdk4 embryos
by using an antibody [(mAb)2A12] that stains tracheal and Cdk4 with females heterozygous only for hopTum-l
(see Experimental Procedures). We observed an im-branches and trunks (Figure 2D; Sutherland et al., 1996).
In paternally rescued hop and cdk4 embryos, a similar proved survival rate by removing a single copy of Cdk4
in hopTum-l heterozygous females (Table 1). However, thedefective tracheal system was formed (Figures 2E and
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Figure 3. Cdk4 Functions between the HOP
Tyrosine Kinase and the STAT92E Transcrip-
tion Factor
The dark field cuticle pattern of embryos de-
rived from females that carry hopmsv1 GLC (A)
is compared with embryos derived from fe-
males heterozygous for Cdk43 that carry
hopmsv1 homozygous GLC (B and C). More
than 200 embryos from each case have been
compared in this experiment. Only paternally
rescued embryos are shown here. Unrescued
embryos have additional defects in head and
tail regions, and Cdk4 also enhances these
hop phenotypes (data not shown). The hop
(hopC111) null embryo shows a consistent dele-
tion of the fifth abdominal segment and the
posterior mid-ventral portion of the fourth ab-
dominal segment (D). When HS-Cdk4 (E) or
HS-CycE (F) are ubiquitously expressed in
hopC111 embryos, most embryos have com-
plete fourth and fifth abdominal segments.
However, ubiquitous expression of Cdk4 has
no effect on stat92E mutant embryos (H); (G)
shows a stat92E (stat92E6346) null embryo.
formation of melanotic tumors is less affected by remov- Cyclin E (CycE). Cyclin E and Cdk2 form a complex
ing a single copy of Cdk4 in hopTum-l heterozygous fe- (CycE-Cdk2) and regulate the cell cycle at the G1-S
males (data not shown). transition point (Knoblich et al., 1994; Du et al., 1996;
To further examine the function of Cdk4 in the HOP/ Sherr, 1996; Sherr and Roberts, 1999; Meyer et al., 2000).
STAT92E signal transduction pathway, we tested the To further examine relations between the HOP/
genetic interaction of Cdk4 with hop and stat92E in em- STAT92E signal transduction pathway and cell cycle
bryos. The hop (hopC111) and stat92E (stat92E6346) null regulation, we tested the genetic interaction of hop with
embryos showed a consistent deletion of the fifth ab- CycE. Like HS-Cdk4, HS-CycE rescues hopC111 embryo
dominal segment and the posterior mid-ventral portion segmentation defects but has no effect on stat92E mu-
of the fourth abdominal segment (Figures 3D and 3G), tant embryos (Figure 3F and data not shown).
and none of them hatched. When HS-Cdk4 is ubiqui- The viability and formation of melanotic tumors at
tously expressed in hopC111 embryos, most embryos 29C were compared in females heterozygous for
have complete fourth and fifth abdominal segments (Fig- hopTum-l and CycE with females heterozygous only for
ure 3E), and many of them hatched. However, ubiquitous hopTum-l (see Experimental Procedures). We observed an
expression of Cdk4 has no effect in stat92E mutant em- improved survival rate by removing a single copy of
bryos (Figure 3H). CycE in hopTum-l heterozygous females (Table 1). As in
the case of Cdk4, the formation of melanotic tumors is
less affected by removing a single copy of CycE inCycE Is Epistatic to hop
hopTum-l heterozygous females (date not shown). TheseIn mammals and Drosophila, Cdk4 forms a protein com-
results suggest that CycD-Cdk4 and CycE-Cdk2 com-plex that regulates the cell cycle progression (Sherr,
plexes are members of the HOP/STAT92E signal trans-1996; Sherr and Roberts, 1999; Datar et al., 2000; Meyer
duction pathway and function downstream of the HOPet al., 2000). The Cyclin D and Cdk4 complex (CycD-
tyrosine kinase and either upstream of or parallel to theCdk4) phosphorylates and releases RB from RB/E2F;
free E2F then activates gene expression, including STAT92E transcription factor.
Table 1. Suppression of the hopTum-l Lethality by Cdk4 and CycE
Total number
of Tum-l hopTum-l/w; hopTum-l/w;
Cross female adults ( or mutant)/ Sco/
hopTum-l/FM7 x w/y;/Sco 62 30 (48%) 32 (52%)
hopTum-l/FM7 x w/y;Cdk43/Sco 1020 982 (96%) 38 (4%)
hopTum-l/FM7 x w/y;CycE05206/Sco 195 165 (85%) 30 (15%)
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Figure 4. upd and CycD-Cdk4 Synergistically Regulate Eye Outgrowth
(A)–(D) show scanned electron micrographs (SEMs) of adult eyes of the following genotypes: wild-type (w1118) (A), GMR-Gal4/UAS-upd (B),
GMR-Gal4/UAS-CycDUAS-Cdk4 (C), and GMR-Gal4/UAS-updUAS-CycDUAS-Cdk4 (D). (E)–(J) show the onset of neuronal differentiation
as revealed by staining for Elav of the following genotypes: wild-type (w1118) (F), GMR-Gal4/UAS-upd (G), GMR-Gal4/UAS-CycDUAS-Cdk4
(H), GMR-Gal4/UAS-updUAS-CycDUAS-Cdk4 (I), GMR-Gal4/UAS-CycEUAS-Cdk2 (E), and GMR-Gal4/UAS-updUAS-CycEUAS-Cdk2
(J).
Genetic Interaction of upd and CycD-Cdk4 the GMR-Gal4 driver does not result in even more om-
matidia formation and bigger eye discs. In the eye discin the Eye
Overexpression of upd using UAS-upd and the GMR- phenotypes of GMR-Gal4/UAS-updUAS-CycEUAS-
Cdk2, just as in the phenotypes of GMR-Gal4/UAS-updGal4 driver (Freeman, 1996) causes compound eye dra-
matic overgrowth in the adult eye because of an increase plus the phenotypes of GMR-Gal4/UAS-CycEUAS-
Cdk2, no synergistic effects were found. In summary,in the number of ommatidia (Chen et al., 2002a; compare
Figure 4B with Figure 4A). To test the genetic interaction both overexpression of CycDCdk4 and CycECdk2
using the GMR-Gal4 driver blocked photoreceptor dif-between upd and Cdk4 in the eye, we expressed UAS-
upd and UAS-CycDUAS-Cdk4 together (Figure 4D) ferentiation (or dedifferentiation), but only overexpres-
sion of updCycDCdk4 together caused eye out-using the GMR-Gal4 driver; we found that all ommatidia
were dramatically enlarged and disorganized and the growth and more ommatidia formation.
entire eye bulged out of the head and formed many
outgrowths. Driving expression of UAS-upd and UAS- CycD-Cdk4 and CycE-Cdk2 Bind STAT92E
Information from the above experiments prompted usCycDUAS-Cdk4 together dramatically enhanced the
eye outgrowth phenotype of expressing either UAS-upd to test whether there is a physical interaction of CycD-
Cdk4 with known components of the HOP/STAT92E sig-(Figure 4B) or UAS-CycDCdk4 (Figure 4C) alone.
The above result indicates that upd and CycD-Cdk4 nal transduction pathway. We cotransfected S2 cells
with the V5-tagged STAT92E and different concentra-may cooperatively regulate cell proliferation in the eye.
We stained eye imaginal discs of wild-type, GMR-Gal4/ tions of Cdk4-V5. The lysates were immunoprecipitated
using an anti-STAT92E antibody and then probed usingUAS-upd, GMR-Gal4/UAS-CycDUAS-Cdk4, and GMR-
Gal4/UAS-updUAS-CycDUAS-Cdk4 third instar lar- an anti-V5 antibody. We found that STAT92E coimmuno-
precipitated with Cdk4 (Figure 5A). We also cotrans-vaes with anti-Elav. In comparison with wild-type eye
imaginal discs, the GMR-Gal4/UAS-upd eye discs are fected V5-tagged STAT92E with Cdk2 and found that
STAT92E also coimmunoprecipitated with Cdk2 (Figurebigger and have more ommatidia (compare Figure 4G
with Figure 4F). Overexpression of CycD and Cdk4 using 5B). However, in a similar experiment, we could not
detect interaction between HOP and Cdk2 or Cdk4 (datathe GMR-Gal4 driver blocked cell differentiation (Figure
4H). Co-overexpression of upd, CycD, and Cdk4 to- not shown).
We further cotransfected the V5-tagged STAT92E withgether by the GMR-Gal4 driver dramatically increases
eye disc size, and the eye discs have even more omma- Cdk4, CycDCdk4, DFOS, or Cdk2. The lysates were
immunoprecipitated using an anti-STAT92E antibodytidia than the GMR-Gal4/UAS-upd eye discs (compare
Figure 4I with Figure 4G). We also overexpressed UAS- and then probed using an anti-V5 antibody. We found
that STAT92E binds Cdk4 (Figure 5C, lane 2), CycD-CycEUAS-Cdk2 (Figure 4E) or UAS-updUAS-CycE
UAS-Cdk2 (Figure 4J) using the GMR-Gal4 driver. Like Cdk4 complex (Figure 5C, lane 3), and Cdk2 (Figure 5C,
lane 5), but not DFOS (Figure 5C, lane 4).overexpression of CycD and Cdk4, overexpression of
CycE and Cdk2 using the GMR-Gal4 driver also blocked We also investigated interactions of STAT92E with
Cdk4 or with Cdk2 under physiological conditions. Forphotoreceptor cell differentiation (Figure 4E). However,
unlike co-overexpression of upd, CycD, and Cdk4, co- Cdk4, due to the lack of good quality antibody, we ex-
pressed myc-tagged Cdk4 (UAS-Cdk4-myc) in embryosoverexpression of upd, CycE, and Cdk2 together using
Developmental Cell
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Figure 5. STAT92E Interacts with CycD-Cdk4 and CycE-Cdk2 Complexes
(A) S2 cells were transfected with expression vectors of STAT92E-V5 alone or in combination with different concentrations (g) of Cdk4-V5
as indicated. After 24 hr of induction, cellular lysates were immunoprecipitated with anti-STAT92E antibodies and blotted with a specific anti-
V5 antibody (upper panel). Arrow in upper panel points to the coimmunoprecipitated Cdk4-V5. Blotting of parallel samples with the anti-V5
antibodies confirmed the expression of all transfected proteins (lower panel).
(B) S2 cells were transfected with expression vectors of STAT92E-V5 alone or in combination with different concentrations (g) of Cdk2-V5
as indicated. After 24 hr of induction, cellular lysates were immunoprecipitated with anti-STAT92E antibodies and blotted with the specific
anti-V5 antibody (upper panel). Arrow in upper panel points to the coimmunoprecipitated Cdk2-V5. Blotting of parallel samples with the anti-
V5 antibodies confirmed the expression of all transfected proteins (lower panel).
(C) S2 cells were transfected with expression vectors of STAT92E-V5 in combination with Cdk4-V5 (lane 2), CycD-V5Cdk4-V5 (lane 3), DFOS-
V5 (lane 4), and Cdk2-V5 (lane 5). After 24 hr of induction, cellular lysates were immunoprecipitated with anti-STAT92E antibody and blotted
with the specific anti-V5 antibody (upper panel). Blotting of parallel samples with the anti-V5 antibodies confirmed the expression of all
transfected proteins (lower panel). Lane 1 shows molecular weight markers.
(D) Extracts of embryos expressing myc-tagged Cdk4 were immunoprecipitated with anti-myc (upper panel, lane 1), anti-CycE (upper panel,
lane 2), and anti-STAT92E (upper panel, lane 3) antibodies. Immunoprecipitates were then blotted with the specific anti-myc antibody.
Extracts of untransfected S2 cells were immunoprecipitated with anti-Cdk2 (lower panel, lane 1), anti-DFOS (lower panel, lane 2), and anti-
STAT92E (lower panel, lane 3) antibodies. Immunoprecipitates were then blotted with the anti-STAT92E antibody. Both isoforms (86 kDa and
70 kDa) of endogenous STAT92E bind Cdk2 but not DFOS.
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using the arm-Gal4 driver (Meyer et al., 2000). Lysates or absence of STAT92E with HOP, CycD-Cdk4, CycE-
Cdk2, or their combinations. Lysates obtained fromwere prepared from 2- to 5-hr-old arm-Gal4/UAS-Cdk4-
myc embryos, immunoprecipitated with anti-myc, anti- transfected cells were assayed for luciferase activity.
As shown in Figure 7, in the absence of STAT92E, neitherCycE, and anti-STAT92E antibodies, and then probed
using the anti-myc antibody (Figure 5D, upper panel). HOP, CycD-Cdk4, nor CycE-Cdk2 stimulated pSTAT-
Luc activity significantly. However, in the presence ofWe found that Cdk4 coimmunoprecipitated with endog-
enous STAT92E (Figure 5D, upper panel, lane 3) but not STAT92E, which by itself causes a very limited activation
of pSTAT-Luc, HOP, CycD-Cdk4, and CycE-Cdk2with CycE (Figure 5D, upper panel, lane 2). For Cdk2,
untransfected S2 cell lysates were immunoprecipitated strongly triggered the activity. HOP and CycD-Cdk4 or
HOP and CycE-Cdk2 together increase the activity fur-with anti-Cdk2, anti-DFOS, and anti-STAT92E antibod-
ies, and then probed using the anti-STAT92E antibody ther. These observations are consistent with the pattern
of the STAT92E amount shown in Figure 6, suggesting(Figure 5D, lower panel). Two isoforms (86 kDa and 70
kDa) of STAT92E were present (Henriksen et al., 2002; a direct correlation between STAT92E stability and its
activity, as expected. Altogether, these data indicateFigure 5D, lower panel, lane 3) in S2 cell extracts. We
found that both isoforms of endogenous STAT92E coim- that CycE-Cdk2 and CycD-Cdk4 stabilize STAT92E,
thus leading to an enhanced STAT92E activity.munoprecipitated with Cdk2 (Figure 5D, lower panel,
lane 1) but not with DFOS (Figure 5D, lower panel, lane
2). Together, these data indicate that CycD-Cdk4 and STAT92E Is Not a Master Regulator of Cell Cycle
CycE-Cdk2 complexes regulate the HOP/STAT92E sig- in Embryos
nal transduction pathway through binding STAT92E. Activation of Cyclin E-Cdk2 is essential for G1 to S transi-
tion of the epidermal cell during Drosophila embryo-
CycD-Cdk4 and CycE-Cdk2 Stabilize genesis (Knoblich et al., 1994). E-type cyclin-cdk com-
STAT92E Protein plexes are activated by D types through titrating away
Our previous work (Chen et al., 2002a) suggested that inhibitors, which in turn induce cyclin E transcription by
HOP signaling mainly regulates STAT92E protein stabil- activating E2F transcription factors via RB phosphoryla-
ity. The CycD-Cdk4 and CycE-Cdk2 complexes may tion (Harbour and Dean, 2000). The genetic and physical
also stabilize STAT92E protein. We compared STAT92E interactions between STAT92E and CycD-Cdk4 or
protein levels in S2 cells that either express STAT92E CycE-Cdk2 prompted us to investigate STAT92E’s role
alone, STAT92E and CycD-Cdk4, or CycE-Cdk2 to- in cell cycle regulation. Several molecular markers are
gether. We found that STAT92E protein is more abun- available to monitor G1-S transition in Drosophila. First,
dant and lasts longer in STAT92E and CycD-Cdk4-co- the Drosophila ribonucleotide reductase small subunit
transfected cells than in STAT92E alone-transfected (RNrS), DNA polymerase  accessory subunit PCNA,
cells (Figure 6A). We also found that STAT92E protein is and CycE are transcribed in transient pulses that parallel
more abundant and lasts longer in STAT92E and CycE- and slightly precede DNA synthesis in cells entering S
Cdk2-cotransfected cells. These results suggest that phase from quiescence (Duronio and O’Farrell, 1994;
CycD-Cdk4 and CycE-Cdk2 stabilize STAT92E protein. Knoblich et al., 1994). Second, BrdU, a nucleoside incor-
We further explored the function of CycD-Cdk4 and porated into newly replicating DNA, can be used to mon-
CycE-Cdk2 in regulating STAT92E protein stability in itor DNA replication in the S phase (Duronio and O’Far-
embryos. We first compared protein levels and distri- rell, 1994; Knoblich et al., 1994; Duronio et al., 1995).
butions of STAT92E in wild-type and Cdk4 mutant Embryos from stat92E germline clones (GLC) and wild-
embryos. We stained embryos using affinity-purified type were assayed for BrdU incorporation by immuno-
anti-STAT92E antibodies. Whereas strong STAT92E ex- histochemical staining as well as RNrS, PCNA, and CycE
pressions are detected as 15 clear stripes during stage RNA expression by in situ hybridization.
10 in the wild-type embryo (Figure 6B), STAT92E expres- BrdU labeling did not reveal obvious differences be-
sion is dramatically reduced in Cdk4 mutant embryo tween stat92E mutant and control embryos until germ-
(Figure 6C). Furthermore, we found that ubiquitous ex- band retraction (see Supplemental Figures S1A and S1D
pression of CycD-Cdk4 (Figure 6D) or CycE (Figure 6E) at http://www.developmentalcell.com/cgi/content/full/
dramatically increased STAT92E protein expression. 4/2/179/DC1). However, after germband retraction,
However, in comparison with that of the wild-type em- BrdU incorporation was reduced in the stat92E mutant
bryo, no significant change of stat92E mRNA level was embryo, specifically in the posterior midgut (Supple-
detected in either Cdk4 mutant embryo or embryos with mental Figure S1E, arrow), while normal levels were
ubiquitous expression of CycD-Cdk4 or CycE (data not present in the mitotically proliferating nervous system.
shown). These results strongly suggest that CycD-Cdk4 During wild-type embryogenesis, the central midgut en-
and CycE-Cdk2 regulate the HOP/STAT92E signal trans- doreduplicates at a later developmental stage than the
duction pathway through stabilizing STAT92E protein. other gut regions. By stage 14, the central midgut begins
to incorporate BrdU (Supplemental Figure S1C, arrow-
head), while the anterior and posterior midguts discon-CycD-Cdk4 and CycE-Cdk2 Regulate STAT92E
Transcriptional Activity tinue BrdU incorporation (Supplemental Figure S1C,
arrow). In stage 14 stat92E mutant embryos, we saw twoWe next investigated whether the effect of Cdk4 and
Cdk2 on STAT92E resulted in an increase in STAT92E- phenotypes that are different from wild-type embryos.
First, few nuclei of the central midgut incorporated BrdUdependent transcription. For these experiments, we
transfected S2 cells with a STAT binding site-driven (Supplemental Figures S1F and S1G, arrowhead). How-
ever, the level of BrdU staining in those nuclei that hadluciferase reporter gene (pSTAT-Luc) in the presence
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Figure 6. HOP, CycE-Cdk2, and CycD-Cdk4 Stabilize STAT92E Protein
(A) S2 cells were transfected with expression vectors of STAT92E-V5 alone or in combination with different constructs as indicated. Cellular
lysates were collected at different time points (12, 24, 36, and 48 hr) after induction and blotted with anti-V5 antibodies. The amounts of
STAT92E-V5 are shown here.
Stage 10 wild-type (B), Cdk43 GLC (C), HS-Gal4/UAS-CycDUAS-Cdk4 (D), and HS-Gal4/UAS-CycE (E) embryos are stained with the affinity-
purified anti-STAT92E antibodies (brown). All embryos are oriented with anterior left and dorsal up. The HS-Gal4/UAS-CycDUAS-Cdk4 and
HS-Gal4/UAS-CycE embryos were heat-shocked for 30 min at 37C. As controls, mutant embryos of various components in DJNK/JUN, Wg,
Dpp, and Torso/Ras/Raf signal transduction pathways were stained with anti-STAT92E antibodies. None of them significantly affects STAT92E
protein expression (data not shown).
Figure 7. HOP, CycD-Cdk4, and CycE-Cdk2
Stimulate the Transcriptional Activity of
STAT92E
S2 cells were transfected with different ex-
pression plasmids together with 0.1 g of a
STAT binding site-driven luciferase reporter
gene (pSTAT-Luc) and 0.01 g of pRL null (a
plasmid expressing the enzyme Renilla lucif-
erase from Renilla reniformis) as an internal
control. In all cases, the total amount of plas-
mid DNA was adjusted with pMT/V5-His A
vector. The data represent firefly luciferase
activity normalized by Renilla luciferase activ-
ity present in each sample expressed as fold
induction relative to the control, whose value
was taken as 1. Values are the average S.E.
of triplicate samples from a typical experi-
ment. Nearly identical results were obtained
in three additional experiments.
made the transition to S phase was just as intense as hypomorphic CycE mutant embryos (Duronio et al.,
1998; Royzman et al., 1999; Meyer et al., 2002); theyin the wild-type. Second, some of the mutant embryos
continued to incorporate BrdU in the anterior midgut were interpreted as a slowdown of progression through
endocycle S phases or a delay of the G1-S transition.at stage 14 (Supplemental Figure S1G, arrow). These
phenotypes have been observed in E2f1, DP, Cdk4, and We also analyzed PCNA, RNrS, and CycE expression
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in stat92E mutant and wild-type embryos by RNA in situ this period. The CycD-Cdk4 and CycE-Cdk2 complexes
may regulate pair-rule gene expression through stabiliz-hybridization. In late stage 11 embryos, RNrS expression
ing STAT92E protein and increasing its transcription ac-persists in the rapidly proliferating CNS cells and two
tivity.mitotic populations of cells (the precursors of the PNS
Expression of a kinase-impaired mutant form of Cdk4and a group of dorsolateral epidermal cells in the first
(Cdk4D175N; Meyer et al., 2000; Figure 1L) using a maternalthoracic segment; Supplemental Figure S1J; Duronio et
driver generated the “hop-like” segmentation defects,al., 1995). RNrS RNA is dramatically reduced in all three
indicating that the segmentation phenotype requiresof these tissues in stat92E mutant embryos (Supplemen-
Cdk4 kinase activity. There is also a potential consensustal Figure S1L). The midgut and CNS expression of RNrS
sequence (SPVKR) of Cdk4/Cdk2 phosphorylation in thein stage 13 was also strongly reduced in the stat92E
C terminus of STAT92E; however, mutation of S to Amutant embryo (Supplemental Figure S1M; compare
in the sequence does not significantly affect STAT92Ewith Supplemental Figure S1K). Further, by examining
activity in regulating gene expression, and we have notthe sequence of the 1272 bp DNA fragment of the RNrS
succeeded in detecting STAT92E phosphorylation bypromoter, we found two sequences, TTCGGAGAA and
Cdk4 in our experiments (data not shown). CycD-Cdk4TTCTTCGAA, that closely match STAT92E binding sites
and CycE-Cdk2 may simply bind and enrich nuclearon the eve stripe 3 enhancer (Supplemental Figures S2A
STAT92E protein for its transcriptional activity. Regard-and S2B). However, PCNA (Supplemental Figure S1I;
less, our biochemical findings suggest that Cyclin-Cdkcompare with Supplemental Figure S1H) and CycE (data
activity could affect STATs directly. STAT92E may havenot shown) transcripts are not significantly changed in
many transcriptional targets in the Drosophila genome,the stat92E embryo in comparison with that in the wild-
including genes involved in cell cycle regulation (suchtype embryo. This is in contrast to the results with E2f1,
as RNrS; Supplemental Figures S1 and S2). CycD-Cdk4DP, Cdk4, and CycE mutations; these four mutations
and CycE-Cdk2 can execute their versatile roles throughnot only affect RNrS transcription, but also decrease
regulating STAT92E protein. Cell cycle regulation mayPCNA and CycE transcripts to some degree (Knoblich
be one of their various functions.et al., 1994; Duronio et al., 1995, 1998; Royzman et al.,
A fraction of Cdk4 mutant embryos displays other1999; Meyer et al., 2002). In summary, the above results
defects that differ from alterations in components ofdemonstrate that stat92E function is required for S
mutations of the HOP/STAT92E pathway, suggestingphase progression in endoreduplicating tissues, possi-
that CycD-Cdk4 and CycE-Cdk2 have other targets be-bly through directly regulating RNrS transcription. The
sides STAT92E in Drosophila (Supplemental Figure S3).phenotypes of Stat92E mutation are similar to those
RBF/E2F1 has previously been shown to be anotherdescribed previously in E2f1, DP, and Cdk4 mutants
target of the CycE-Cdk2 complex (Du et al., 1996; Meyer(Duronio et al., 1998; Royzman et al., 1999; Meyer et al.,
et al., 2000).2002). Unlike the CycE null mutation, which completely
blocked all G1 to S transitions (Knoblich et al., 1994),
Coordination of Cdk/Cyclin and STATE2f1, DP, Cdk4, and stat92E do not function as the
Signaling Pathwaysmaster regulators of the embryonic cell proliferation pro-
As reported previously, excess HOP/STAT92E signalinggram; they may only affect the speed of DNA replication
induces cell overproliferation in the eye (Chen et al.,through controlling expression of certain components
2002a), and cell overproliferation and differentiation inin the DNA replication complex.
melanotic tumors (Dearolf, 1998; Hou et al., 2002). Ex-
cess CycD-Cdk4 activity blocks differentiation and in-
Discussion duces overgrowth in the eye (Datar et al., 2000). We show
that excess HOP/STAT92E signaling can synergize with
In this report, we show that Cdk4 functions in the HOP/ both CycD-Cdk4 and CycE-Cdk2 in melanotic tumors,
STAT92E pathway and regulates embryonic segmenta- but specifically synergizes with CycD-Cdk4, not CycE-
tion, tracheal formation, eye development, and mela- Cdk2, to promote formation of an enlarged eye with
notic tumor formation. Specific genetic interactions be- extra ommatidia (Figure 4). This is consistent with the
tween Cdk4 and hop or stat92E mutations suggest that previous observations of Datar et al. (2000). Specifically,
Cdk4 functions upstream of STAT and parallel to or overexpression of either CycD-Cdk4 or CycE under the
downstream of the HOP tyrosine kinase. Furthermore, GMR-Gal4 driver significantly increased the fraction of
CycD-Cdk4 and CycE-Cdk2 bind and regulate STAT92E S and G2 phase cells posterior to the MF at the expense
protein stability. These data demonstrate that, besides of the G1-arrested cells. Both cyclins perturbed the nor-
their role in regulating the cell cycle, CycD-Cdk4 and mal program of cell cycle exit at differentiation. How-
CycE-Cdk2 have a role in regulating cell fate determina- ever, only CycD-Cdk4 appeared to affect both cell cycle
tion and proliferation via STAT signaling (Supplemental progression and cellular growth, whereas CycE affected
Figure S3). only cell cycle progression.
It has previously been shown that STAT92E binds More than 80% of cancers have detectable lesions in
directly to the promoter of pair-rule genes and regulates one component of the Cdk4 complex (Cdk4, INK4a, D1,
their expression for segmentation (Binari and Perrimon, and RB; Sherr, 1996; Sherr and Roberts, 1999). Many
1994; Hou et al., 1996; Yan et al., 1996; Harrison et al., growth factors and components of signal transduction
1998). This occurs during the first 13 embryonic cell are oncogenes. Here, we showed that CycD-Cdk4 and
cycles, which are nearly synchronous and lack G1 and the HOP/STAT92E pathway collaboratively induce tis-
G2 gap phases. Obviously, the function of CycD-Cdk4 sue overgrowth and melanotic tumor formation. We sug-
gest that this relationship between coordinated STATand CycE-Cdk2 is not to regulate the cell cycle during
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A peptide corresponding to the C termini of STAT92E was usedand Cyclin-Cdk signaling could regulate cell fate, the
to produce antibodies in rabbits. Antiserum was purified using thecell cycle, and/or tumor progression in mammals as well.
peptides as affinity reagents. Anti-tracheal lumen antibodyThus, the powerful genetic manipulations available in
mAb2A12 was obtained from the Developmental Study Hybridoma
Drosophila may make this an ideal system to study Bank. Biotin-conjugated secondary antibodies and the vectastain
cancer. Elite kit were from Vector. STAT92E staining was performed using
the purified antisera at 1:1000 dilution. Pulse labeling with BrdU was
done according to Duronio and O’Farrell (1994).Experimental Procedures
To distinguish null and paternally rescued embryos, the mosaic
females possessing germline clones of a specific autosomal muta-Drosophila Stocks
tion were crossed with males carrying the same mutation over aCdk44 , l(2)sh0671, was identified in a large screen for autosomal
balancer chromosome that contains a lacZ gene. The lacZ gene isP element-induced zygotic lethal mutations (Oh et al., 2003). The
under the control of the ftz promoter (FM7, P[ftz-lacZ]), wg promoterflanking sequence of the l(2)0671 line was determined by recovering
(Cyo, P[wg-lacZ]), or Ubx promoter (TM3, P[Ubx-lacZ]). Homozy-a small amount of DNA using inverse PCR according to the method
gous mutant embryos were identified unambiguously by the lack ofof J. Rehm (http://www.fruitfly.org/about/methods/index.html). The
lacZ expression in in situ hybridization, antibody staining, or BrdUP element inserted into the 5 untranslated sequence of Cdk4 gene.
labelings.Cdk44 is a hypomorphic allele; only 20% Cdk44 embryos showed a
Fixing and staining of eye discs were performed as described“hop-like” segmentation phenotype in germline clonal assay. Cdk43
(Xu and Rubin, 1993). Anti-Elav antibodies were obtained from thewas provided by Christian F. Lehner (Meyer et al., 2000).
Developmental Study Hybridoma Bank.Three hop alleles were used in this study: C111, a null allele; msv1,
a weak allele (Perrimon and Mahowald, 1986); and Tum-l, a dominant
temperature-sensitive allele (Corwin and Hanratty, 1976). Stat92E6346
Histologywas described in Hou et al. (1996). CycE05206 was obtained from the
Scanning electron microscopy of eyes was done as described (HouBloomington stock center.
et al., 1997).Transgenic lines of HS-Cdk4 and UAS-upd were produced by
inserting corresponding cDNA into the pCasper-hs and pUAST vec-
tors (Thummel et al., 1988; Brand and Perrimon, 1993) and injecting
DNA Constructs and Cell Transfectionthe constructs into flies. HS-CycE and UAS-Cdk4D175N transgenic
For S2 cell expression, CycD-V5, CycE-V5, Cdk4-V5, Cdk2-V5,flies were provided by Christian F. Lehner (Meyer et al., 2000). UAS-
DFOS-V5, and stat92E-V5 in pMT/V5-His A vector (Invitrogen) wereCycDUAS-Cdk4(II) transgenic flies were provided by Bruce A. Ed-
constructed.gar (Datar et al., 2000). GMR-Gal4 was from the Bloomington stock
Transient transfections of S2 cells and coimmunoprecipitationcenter. The mat4-GAL-VP16 line that contains a construct con-
experiments were performed as previously described (Chen et al.,sisting of the DNA binding domain (amino acids 1–144) of GAL4
2002a).fused to the VP16 transcriptional activation domain expressed from
For Cdk4 coimmunoprecipitation experiments, virgin females ho-the 4-tubulin promoter was used to drive UAS-Cdk4D175N and was
mozygous for UAS-Cdk4-myc II.1 were crossed to males homozy-a gift of D. St Johnston through the N. Perrimon laboratory.
gous for arm-Gal4. Eggs were collected from this cross for a 3Flies were raised on standard Drosophila media at 25C unless
hr period and aged for 2 hr at 25C. Coimmunoprecipitation andotherwise indicated. Chromosomes and mutations that are not de-
preparation of embryonic lysates were performed as previously de-scribed in the text can be found in Lindsley and Zimm (1990).
scribed (Meyer et al., 2000). Anti-CycE antibody was provided by
Helena Richardson.Germline Clones
For STAT92E coimmunoprecipitation experiments with Cdk2 andFemales carrying GLCs of Cdk4 were generated using the “FLP-
DFOS in untransfected S2 cell extracts, cell lysates were immuno-DFS” technique (Hou et al., 1995; Chou and Perrimon, 1996).
precipitated with anti-Cdk2, anti-DFOS, or anti-STAT92E antibodies,
and blotted with the anti-STAT92E antibody. Anti-Cdk2 antibody
Genetic Interaction of hop with Cdk4 and CycE was provided by Christine F. Lehner; anti-DFOS antibody is de-
To test for interaction between hop and Cdk4, the cuticle phenotype scribed in Chen et al. (2002b).
of eggs derived from females heterozygous for Cdk43 that carried To study STAT92E protein degradation, S2 cells were transfected
hopmsv1 homozygous GLCs was compared with eggs derived from with different plasmid combinations and cell lysates were collected
females that carry hopmsv1 GLCs. We tested a large number of differ- at different time points after copper induction. The amount of
ent mutations (including most classes of pattern formation genes) STAT92E proteins was compared by Western blotting.
and found that only components of the HOP/STAT92E signal trans-
duction pathway specifically affect the phenotype of hopmsv1 GLC
embryos. Reporter Gene Assays
To rescue the hopC111 cuticle phenotype, eggs derived from females Reporter gene assays in S2 cells were performed as previously
heterozygous for HS-Cdk4 or HS-CycE that carried hopC111 homozy- described (Chen et al., 2002b).
gous GLCs were compared with eggs derived from females that
carry hopC111 GLCs. For HS-Cdk4, the best rescue was obtained
after heat-shocking female flies for 2 days at 37C with three 10 min Acknowledgments
pulses at 20 min intervals each day. For HS-CycE flies, the best
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